Stored wheat grains are colonized by a wide range of saprophytic and pathogenic fungi. Contamination by mycotoxigenic species like Fusarium spp. raise concern about the food safety of the commodity. Different environmental and genetic factors govern colonization. The present work studies the relationships between the wheat variety and the resistance against Fusarium head blight (FHB) among the diversity of grain colonizers. Five Swiss and fi ve Polish varieties were planted in an experimental site, and the grains were harvested and stored according to a unifi ed protocol in order to avoid contamination during and after harvest. In parallel, the resistance of the varieties was established by conducting trials at two other experimental sites with artifi cial infections. Overall, about 18 fungal taxa were identifi ed on the grains from the plot trial. Results show signifi cant differences in the presence and abundance of fungal species between the varieties. Colonization, in particular with Fusarium spp., was not correlated with FHB resistance. The experiments demonstrate that the factor variety can infl uence the colonization of wheat grains by fungi. Future research must help to better understand the plant traits that govern the differential colonization. These fi ndings should be considered in future studies on wheat storage and food safety.
Introduction
After harvest, wheat grains carry a wide range of saprophytic and pathogenic fungi. Surveys of the grain mycofl ora have revealed the presence of more than 20 different fungal genera and species [1] . The occurrence of toxigenic fungi belonging to the genera Fusarium, Aspergillus, Penicillium, and Alternaria have received particular interest. The presence of these fungi raises concerns about the wholesomeness and the commercial value of the grains [2] .
It is common opinion that the contamination of the grain by fungi is mainly a passive process driven by rain splash and wind moving fungal spores or eventually small parts of the hyphae to the spike [3] . Contamination may therefore occur at any moment between anthesis and storage, refl ecting the composition of the mycofl ora residing in the environment of the plant [4] . Environmental factors such as the presence of determined fungal species, humidity, wind, and other climatic factors also infl uence the colonization of grains with fungi.
The diversity and the predominance of fungal species are infl uenced by climatic and other environmental factors. This is best studied for the pathogens of the Fusarium head blight (FHB) complex on wheat, where crop residues constitute the principal source of inoculum in the fi eld [5, 6] . Fusarium graminearum predominates in Central and southeastern Europe, while in cooler maritime climates mainly F. culmorum, F. avenaceum, F. poae, and Microdochium species occur [7] . Arguably, these distribution patterns are changing with changing cropping techniques. Fusarium graminearum is spreading more northward following the expansion of maize cultivation in cooler regions [8] , and it is quite variable in pathogenicity. On the other hand, F. poae is increasing with respect to F. culmorum in all cropping areas [9] . For grain colonizers that are non-or low-pathogenic in Europe such as Penicillium spp., Aspergillus spp., and Alternaria spp., survival in soil is certainly conditioned by the presence of crop residues and other soil factors [3] . The previous crop also plays an important role in this case.
Besides the environmental conditions, morphological traits such as plant height, earliness, spike conformation, and fl owering type infl uence the colonization of the grains. The contamination process of the grains may be in part comparable to the infection process of FHB on wheat. With fungal contamination occurring at anthesis, the fungi may grow for the fi rst time on the palea and the lemma and spread in a second time onto the developing grain. This is well documented with pathogenic Fusarium species that colonize the spikelet tissues before infecting the fl oral tissue [10] . Once established, the fungi colonize the developing grain and constitute communities on the grain that reside on the surface of the grain or in the upper layers of the teguments.
The present work addresses the question of the infl uence of the plant on diversity and abundance of fungal grain colonizers. For this, 10 different wheat varieties were grown in one single environment. Fungal colonizers were studied on native and surface sterilized grains using the classical isolation-purifi cation-taxonomical determination procedure. Finally, the correlation between the colonization of the grains in terms of diversity, abundance, and resistance against FHB was studied.
Material and Methods
The investigation was carried on Changins and Cadenazzo fi eld stations which belong to the Agroscope Institute (Switzerland). The experiment was conducted for two years (2008-09).
Five Polish and fi ve Swiss commercial winter wheat cultivars were used in the experiments. According to observations of offi cial variety trials, both resistance and susceptibility against FHB were included in the cultivar set. The cultivars are described in Table 1 .
The 10 wheat varieties were planted in standardized plots of 1.5 × 5 m using a precision seeding array. Seeds without seed treatment were planted on 15 Six-hundred grains were chosen at random from each batch. Three-hundred seeds were surface-disinfected in sodium hypochlorite (1% available chlorine) for 30 sec before transfer on 2% malt extract agar (MEA, Biocorp) in 90 mm Petri dishes, and the other 100 seeds were placed on 2% MEA in Petri dishes without surface disinfection. All variant experiments were performed in triplicate. The incubation of cultures on Petri dishes was carried out at room temperature (22ºC) for 10-14 days in darkness. After incubation, fungi were identifi ed on the basis of the morphology of their spores. The frequency of a single taxon (in %) was calculated on the basis of its proportion to the total number of strains in one treatment.
The resistance against Fusarium head blight of the wheat cultivars was tested in 2010 at two trial sites in Switzerland: Changins (canton Vaud, altitude 450 m) and Cadenazzo (canton Ticino, altitude 250 m). The cultivars were planted in 1 m rows with the multiple row seeder Hege Seedmatic (Hege Maschinen, Eging am See, Germany) in Changins or in 20 x 20 cm miniplots by hand in Cadenazzo. Upon fl owering, plants were infected with conidiospores of F. culmorum produced on oat grains [7] . Plants were uniformly treated with a backpack sprayer (Spray Matic 10 B, Birchmeier Sprühtechnik AG, Stetten, Switzerland) using 30 ml spore suspension per m 2 at a concentration of 10 6 spores per ml. Two weeks after infection and until ripening of the plants, disease severity was assessed visually as a proportion of spikelets presenting typical head blight symptoms. Disease severity was assessed on a 1-9 logistical scale (Table 2) [11] .
The results of fungal colonization tests were analyzed by ANOVA. Means were compared using Fisher's least signifi cant difference (LSD) test at α ≤ 0.01. The number of isolates of each species was averaged and presented as a percentage of total isolates. Percentage data were transformed to Bliss angular degrees by the formula y = arcsin (value%) 5 . After transformation, the variance is approximately constant, allowing analysis of variance to compare proportions of species between treatments and wheat varieties. Comparison of the presence and absence of certain fungal species has been studied using the HaGis application. Each variety was assigned a numerical designation (Gilmour Code, 9) by HaGis based on the composition of its grain mycofl ora. The resulting number defi nes the affi nity of the fungal species toward the wheat varieties. The application calculates descriptive parameters of the populations such as colonization frequency and complexity of fungal colonizers.
The resistance tests were set up as completely randomized blocks with three replicates (blocks). The mean disease severity value for each variety was calculated by averaging the disease severity values at each assessment point. The area under disease progress curve (AUDPC) was calculated using the formu-
where Y i is disease severity at the i th observation, n is the total number of observations, and t i is the time (days) at the i th observation. To compare the disease severity between the two experimental sites, the relative AUDPC (AUDPCrel) was calculated by dividing the AUDPC by the number of observation days [12] . After ascertaining that the residues of the data sets of each trial site were normally distributed (Kolmogorov Smirnov test at a < 0.02), statistically signifi cant differences of AUDPCrel between varieties were tested using one-way ANOVA coupled with Fisher's least significant difference (LSD) test at α ≤ 0.01. Correlations between varietal resistance and the abundance of fungal species were tested with Pearsons correlation analysis. All statistical analyses were done with the Statistica 9.1 package (StatSoft Inc., Tulsa OK, USA). 
Results and Discussion
Overall, 18 different fungal genera or species were isolated on the grains and identifi ed. Populations of fungi from non-disinfected and disinfected grains are shown in Tables 3 and 4 , respectively. The two mycobiota consisted of the same range of species but the frequency of individual species differed. Among the eight wheat varieties, the presence and the abundance of individual species varied largely in both variants (i.e., surface disinfected and nondisinfected grains) of the experiment.
Alternaria alternata, Epicoccum nigrum, Penicillium spp., Ulocladium botrytis, and the class of non-sporulating fungi were found in each batch and in both variants of the experiment (Tables 3 and 4 ). The other species were not detected with all varieties. Among the mycotoxin-producing fungi, seven species of the genus Fusarium, Aspergillus Niger, and different (not further identifi ed) Penicillium species were isolated. Botrytis cinerea, Cladosporium cladosporioides, and Phoma eupyrena are plant pathogens usually not associated with wheat. To better visualize the occurrence and the colonization of grains by Fusarium Table 3 . Fungal isolates from non-disinfected grains (% of total isolates). species on each wheat variety, data on the presence/absence were generated with the application HaGis (Fig. 1) . The varieties Bogatka and Tonacja were colonized by the same Fusarium species while the other varieties presented all different patterns of colonization. A low similarity (<50) was detected between Claro and Levis, Claro and Batuta, Lyrika and Batuta, and Liryka and Levis. High similarity (>80) was detected between Batuta and Levis, Batuta and Bogatka/Tonacja, Runal and Batuta, and Rywatka and Bogatka/Tonacja. The other combinations showed intermediate similarity (between 50 and 80).
The proportions of fungal species isolated from the grains of each variety are presented in Tables 3 and 4 for surface non-disinfected and surface-disinfected grains, respectively. Alternaria alternata was the most abundant species on all wheat varieties from the surface and inside the teguments of grains. The proportion of grains with A. alternata was similar in Levis, Runal, Rywatka, and Tonacja (about 20 to 35%). Smallest frequencies were recorded on Batuta (7.3%), Combin (3.1%), and Bogatka (1.9%). Epicoccum nigrum was the second most abundant species found. The frequencies of E. nigrum amounted to *Means followed by the same letter do not differ signifi cantly. Small letters mark the effect of individual cultivars on isolates fungi from grain; they refer to means in columns. Capital letters mark the effects of cultivars on individual species of fungi; they refer to means in rows. Fisher's least signifi cant difference (LSD) test, α ≤ 0.01.
9.3-32.5%, and there was no difference between colonization on the surface and inside the teguments. The frequencies of Fusarium spp. averaged between 2.5 and 12.5% on non-disinfected seeds and between 9.0-54.8% for surfacedisinfected seeds. Fusarium avenaceum was particularly common on both non-disinfected and disinfected grains, and numbers of colonies were similar for Levis, Batuta, Combin, Rywatka, Arina, and Tonacja. This fungus was almost absent on the variety Claro and not at all isolated on the variety Liryka (Table 3) . Other fungi -including Penicillium, Botrytis, Trichoderma, and Phoma -occurred sporadically. The results obtained in the fi rst part of this study suggest an interaction between the colonization of grains by Fusarium and the wheat variety. Therefore, the second part aimed at characterizing the resistance of the varieties against FHB infections in order to compare varietal resistance and grain colonization. The tests were realized with artifi cial inoculations at two trial sites. Disease severity was integrated with duration of observation to obtain the AUDPC (Fig. 2) .
Results indicate that Arina was the most resistant variety in both sites, while the most susceptible variety was Liryka in Cadenazzo and Levis in Changins. All other varieties showed intermediate resistance in both sites. Correlation analysis did not yield any evidence for an eventual correlation between resistance to FHB and grain colonization (Table 5) .
Both fungal diversity and abundance revealed large differences between the wheat varieties. Not all fungal species have colonized all varieties. All types of fungi were concerned, but this observation was particularly evident with Fusarium species. Semaskiene et al. [13] reported similar observations. That study reported signifi cant differences in colonization of wheat grains. The present study adopted a systematic experimental approach with three replicates for each variety and a seminatural inoculation of the plots with maize straw, as well as standardized harvest and post-harvest processing. The protocol was aimed at avoiding any fortuitous contamination of the grain during and after harvest and during storage of the grains.
Alternaria alternata, Cladosoporium cladospoirioides, Epicoccum nigrum, and Pencillium spp. are present in all genotypes. These results agree with observations of Pusz [1] , who reported that Alternaria species (including A. alternata) are the most common colonizers of grains. In general, Alternaria spp. can be regarded as ubiquitous grain colonizers [14] and indicate the baseline contamination of the grains. The large differences in the abundance of colonizers between genotypes are striking. The experimental protocol adopted drastically reduces the impact of environmental factors and supports the hypotheses that plant traits play a role in grain colonization. It is known that for Fusarium head blight, plant height and internode distance are positively correlated with disease resistance [15] . When looking at spike traits, the role of anther extrusion in the occurrence of FHB is discussed controversially. Skinnes et al. [16] report that varieties that extrude and shed the anthers show lower susceptibility to FHB. Varieties used here presented reduced anther extrusion. This trait was not correlated to grain colonization or FHB resistance (results not shown). However, even little differences in anther extrusion can have a signifi cant impact on the susceptibility of the variety [17] . In a future investigation, the role of anthers on mycofl ora of grains has to be considered.
The least contaminated grains by Fusarium spp. were found on Liryka (on disinfected grains) and Rywatka (on non-disinfected grains) varieties, while the most contaminated grains were presented by the Combin (on disinfected grains) and Levis (on non-disinfected grains) varieties. It is recognized that resistance against Fusarium head blight is infl uenced by physiological resistance factors and passive factors (e.g., morphological or developmental traits), which infl uence infection and disease development. Moreover, genes controlling resistance to FHB and those that affect plant height are associated. Gene coding for a shorter stem promoting sensitivity to FHB probably is due to pleiotropy. The presence of semi-dwarfi ng genes Rht-B1 and Rht-D1 infl uence the sensitivity to FHB [18] . It is conceivable that all these resistance factors also infl uence grain contamination.
Disinfection of grains is thought to reduce the number of fungi residing on the surface of the grain, thus allowing detecting fungi residing in the lower layers of the teguments. Little is known about the physiological activities and the ecological niche behaviour of fungi residing on grains [9] . Growth and colonization of the rest of the grain is certainly dependent on the ripening state of the grain and the availability of water [19, 20] . The present results indicate that the fungal habitat on the surface or inside the grain is independent from wheat variety.
Conclusions
1. Colonization, abundance, and diversity of fungi on wheat grains are infl uenced by varietal factors other than Fusarium head blight resistance. 2. Future studies on grain contamination must consider the factor variety. This is particularly important when studying mycotoxin-producing species. 3. The specifi c morphological and physiological factors that govern the fungal colonization of grain should be further studied and considered in future risk-assessment studies. If future studies reveal the necessity, this information may be integrated in wheat-breeding programs to enhance consumer safety.
